Abstract We report here on the use of pulsed KrF-laser deposition technique (PLD) for the decoration of Multiwall carbon nanotubes (MWCNTs) by Co-Ni nanoparticles (NPs) to form highly efficient counter electrodes (CEs) for use in Dye-sensitized solar cells (DSSC). By varying the number of laser ablation pulses (N LP = 500-60,000) of the KrF laser, we were able to control the average size of the Co-Ni NPs and the surface coverage of the MWCNTs by the nanoparticles. The PLD-based decoration of MWCNTs by Co-Ni NPs is shown to form novel counter electrodes, which significantly enhance the power conversion efficiency (PCE) of the DSSCs. Indeed, the DSSCs based on the PLD-decorated Co-Ni counter electrodes (obtained at the optimal N LP = 40,000) are shown to exhibit a PCE value as high as 6.68%, with high short circuit current (J sc = 14.68 mA/cm
Introduction
Dye sensitized solar cells (DSSCs) are considered to be one of the most promising solar energy conversion devices alternative to the conventional silicon-based photovoltaic (PV) devices due to their facile fabrication process, their relatively low cost of production and a relatively high photoconversion efficiency [1] . A standard DSSC is composed of a working electrode (WE) in the form of a thin film of nano-sized TiO 2 grains sensitized by a ruthenium-based dye, and of a platinum-based counter electrode (CE). The space between the two electrodes is filled with a redox couple electrolyte; iodide/triiodide (I À 3 /I -) is commonly used in DSSCs. The counter electrode, in particular, is designated to enhance the transfer of electrons between FTO conductive glass and electrolyte solution, improving the redox reaction and, then, the dye regeneration. The material used as counter electrode is dependent on the redox couple used. A thin film of platinum (Pt) deposited on conducting glass is currently used as standard counter electrode for DSSCs, due to its outstanding electrocatalytic properties in the reduction of I À 3 species and exchange current density [2] [3] [4] [5] . The incident photons cause the promotion of excited electron from highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) levels of dye molecules. During the deexcitation process, electrons may decay in the conduction band of TiO 2 and being transported from photoanode to cathode, where they are transferred from platinum to the electrolyte solution and, due to the redox reaction, they return to the dye molecule. Despite its good properties, the high cost of platinum negatively affects the overall fabrication costs of the DSSCs, limiting thereby their industrial production [6] .
In this context, one of the R&D challenges is to replace the costly platinum electrode with more cost-effective materials having good catalytic ability for the reduction of I À 3 ions while exhibiting high resistance to corrosion. In this scenario, extensive research has been performed on using carbon-based materials because of their low cost, good electrical conductivity and interesting electrocatalytic properties, which could be further improved through their appropriate decoration with different metal nanoparticles [7] [8] [9] [10] [11] . In particular, Nam et al. [12] have shown that by replacing Pt with well-aligned carbon nanotubes (CNTs) as CEs, the conversion efficiency of their DSSCs was 10% higher than that of standard Pt-based DSSCs. The increase in the cell efficiency was attributed to the large surface area provided by the CNTs and their high electron conductivity. Beside the good electrical properties, CNTs have also a good stability in time, due to their higher corrosion resistance with respect to Pt electrodes, allowing the CNTsbased CE to maintain unaltered properties of DSSC device for longer periods of time. Koo et al. [13] compared the time-dependent characteristics of some DSSC devices using both CNTs and Pt-based CEs. The former CE showed both higher efficiency and stability during the time without any substantial change of impedance characteristics even after 5 days, while the latter exhibited an increase in the series resistance (by a factor of three). This behaviour may be attributed to the degradation of Pt film and to the consequent loss of adhesion between Pt and its underlying conductive glass substrate. Carbon nanotubes are, moreover, optimal catalysts for the redox reaction of the electrolyte solution [14] [15] [16] . Their high surface area and the presence of defects sites on their functionalized surface enhance the electron transfer and chemical reactivity of these Pt-free CEs. The charge-transport resistance at the electrolyte-CNT interface, in fact, decreases with the increase of CNT loading. One of the critical parameter for the catalysis of the redox reaction is the diameter of the CNTs. Hwang et al. [16] reported that CNTs with larger diameter could improve the reaction rates between the CEs and the electrolyte solution, and have a lower interfacial reaction resistance. On the other hand, hybrid nanomaterials such as CNTs-metal nanoparticles composites [17] [18] [19] [20] [21] [22] [23] showed promising photovoltaic properties with an increase in the conversion efficiency with respect to both pristine CNTs and the conventional Pt-based CEs. Zheng et al. [18] reported that the in situ encapsulation of FeNi alloy nanoparticles (NPs) within CNTs, through a calcination process at 600°C in Ar atmosphere and using [Ni 2-Fe(CN) 6 ] as precursor, enhances the photoconversion efficiency by *10 and 180% with respect to the standard Pt-based CE and the pristine CNT, respectively. Li et al. [20] , have also deposited oxidized MWCNTs on FTO via electrophoresis and decorated them with CoS through electrodeposition, and reported an efficiency enhancements of *18 and 240%, with respect to both platinum (PCE of *5.9%) and pristine MWCNTs (PCE of *2.9%) CEs, respectively.
These improvements of the photovoltaic properties of DSSCs through the re-engineering of their CEs are believed to be due to the decoration of carbon-based material with metal NPs that permits to change the work function value of the carbon-based material, obtaining values as closer as possible to the work function of FTOglass [24] and facilitating thereby the transfer of electrons from the FTO to the electrolyte solution. As recently reported in literature [18] [19] [20] , the decoration of carbon nanotubes with cobalt or nickel compounds, such as CoS or FeNi, permits to substitute the expensive platinum coating with transition metals without loss of electrocatalytic activity. Indeed, Xing et al. [22] replaced Pt with N-doped CNTs decorated with Nickel and Cobalt NPs obtained from the calcination at 700°C of NiCl 2 and CoCl 2 precursors. Moreover, they have used H 2 SO 4 (a toxic and hazardous reagent) to remove metal residues on the CNTs' surface. These novel CEs showed good photovoltaic properties, with an increase of *9% of efficiency for Ni decorated CNTs and an increase of *1% of efficiency for Co-decorated CNTs with respect to their standard Pt-based CEs (7.67%). Even though it is well known that Co-Ni alloy has good catalytic properties [25] enhancing electron transfer from carbon-based substrate to electrolyte solution [26] , their performance depends on the synthesis route and the alloy composition used. In particular, Chen et al. [25] used a mild hydrothermal reduction method to grow Co-Ni NPs directly on FTO-glass substrates, and obtained a PCE (g) of 2.69% for Co 0.5 Ni 0.5 nanoparticles which is quite lower than that of standard Pt-based DSSCs. Likewise, Motlak et al. [26] also used a chemical synthesis method to produce Co-Ni NPs by electrospinning at high voltage to deposit them on carbon nanofibres, and obtained a lower PCE value than that of their standard Pt-based DSSC (5.9%). This lower PCE value can be probably attributed to the lower defect density in the alloy lattice. Indeed, Chen et al. [25] have clearly shown that the defects which are inherently present in the Co-Ni alloy structure plays an fundamental role in the interaction between the CE and the electrolyte solution. Moreover, the presence of this large amount of defects can provide enormous active sites on the CE for I À 3 adsorption and reduction, thereby improving the redox reaction and enhancing the photovoltaic performance of the DSSC device [25] . All these literature results [18] [19] [20] [21] [22] [23] [24] [25] [26] suggest that a good control of the crystallinity and morphology of the material is the key to obtain highly performing counter electrodes. Therefore, there is a need to develop a reliable fabrication route that enables the controlled growth of high-crystalline quality of Co-Ni nanoparticles to exploit their full electrocatalytic potential in DSSCs.
A variety of chemical and physical methods, including hydrothermal methods [27] [28] [29] [30] [31] [32] , pyrolysis [18] , electrodeposition [20] , electrospinning method [14] , and calcination [22] , have been used for the synthesis of metal NPs and/or their deposition onto several carbon-based materials, such as carbon nanotubes [18, 20, 21] , carbon fibres [27, 31] and graphene [28, 29] , but most of these techniques require chemical precursors, generally high processing temperatures, long reaction/deposition times (several hours), and most often post-synthesis treatments with strong acids to remove metal residues. As an alternative to these chemical synthesis routes, pulsed-laser deposition (PLD) is a versatile physical method that has been shown to be highly effective for the in situ decoration of different substrates (including CNTs or TiO 2 nanorods) by highly pure metallic or semiconducting nanoparticles [33] [34] [35] [36] [37] [38] with a fair control over their particle size, surface coverage and crystallinity.
In this paper, we report on the use of the PLD technique to decorate MWCNTs by Co-Ni NPs and form a novel CoNi/MWCNTs nanohybrids to be used as a CE material for DSSCs. To the best of our knowledge, no studies have been reported yet on the PLD-based nanodecoration of MWCNTs by Co-Ni nanoparticles for the CE application in DSSCs. In the present study, we have varied the number of laser ablation pulses (N LP ) of the Co-Ni target to control the size of the Co-Ni NPs and the thickness of the Co-Ni NPs layer decorating the MWCNTs. We were thus able to identify the optimal N LP condition that leads to the Co-Ni/ MWCNTs counter-electrodes exhibiting the highest PCE (of 6.68%) in our DSSCs. Moreover, the systematic investigation of the roughness of the Co-Ni/MWCNTs nanohybrid CEs has enabled us to establish a correlation between their local roughness to the PCE performance of the DSSCs.
Experimental
Multi-wall carbon nanotubes (produced by CCVD) used in this study were purchased from Raymor-Nanointegris, with a nominal purity [99%, an average inner diameter of 4 nm, an average outer diameter \20 nm, and a length of up to 12 lm. Prior to use, the MWCNTs were well dispersed by sonicating them in a dimethylformamide (DMF) solution for 2 h, obtaining a suspension with a concentration of 0.3 mg/mL. Uniform films of MWCNTs were then spray-coated onto FTO-glass substrates placed on a hotplate maintained at 200°C to facilitate the rapid and complete evaporation of the solvent. The Co-Ni NPs were deposited by means of the PLD technique onto various substrates including the MWCNTs spray-coated films, quartz and silicon wafers. In our PLD process, a KrF excimer laser (k = 248 nm, pulse duration = 14 ns, repetition rate = 20 Hz) beam is focused at an incidence angle of 45°onto a polycrystalline Co-Ni target (commercial Co 0.5 Ni 0.5 alloy disk of size 2 00 in diameter) under a controlled background Helium (He) pressure of 300 mTorr. The substrates were mounted on a rotating substrate holder (5 rpm), and placed parallel to the target at a distance of 6.5 cm from it during the laser ablation process, to obtain a uniform coverage of the MWCNTs/FTO/glass substrates. The on-target laser energy was set to 140 mJ/pulse, and the Co-Ni NPs deposition was made as a function of the number of laser pulses (N LP ), which was varied from 500 to 60,000 pulses. Prior to each deposition, the target surface was cleaned under vacuum for 10 min while shielding the substrates with a shutter. To fabricate our DSSC devices, the photoanode used was a standard commercially available TiO 2 /FTO electrode (Dyesol). The TiO 2 was sensitized via immersion in a ruthenium-based dye solution (dye N719, concentration 1 mM, Sigma Aldrich) for 24 h. The electrode was rinsed several times with ethanol to remove the excess dye, and then dried in air. Both photoanode and cathode were assembled together as a DSSC device by sealing them using a 25 lm thick Surlyn polymer foil spacer. The space between working electrodes and counter electrodes was filled with I -/I À 3 redox couple electrolyte solution (EL-HPE, Dyesol).
The microstructure and the bulk composition of the Co-Ni/ MWCNTs nanohybrids (NHs) were examined by STEREO-SCAN scanning electron microscope (SEM) working at 20 keV in both Secondary Electron Emission (SE) and Back Scattering (BS) modes. The SEM is equipped with an EDX spectrometer. The surface topography of the Co-Ni/ MWCNTs nanohybrid CEs was characterized by atomic force microscopy (AFM) measurements using an ICON AFM Microscope (Bruker) in tapping mode and elaborated using Nanoscope software, and their surface roughness (RMS) derived from the AFM images. The chemical bonding states and work function values (A) of the Co-Ni/MWCNTs NHs were investigated using ex situ X-ray Photoelectron (XPS) and Ultra-violet photoelectron (UPS) spectroscopies, respectively. XPS analyses were performed in ultra-high vacuum (UHV) conditions (with a base pressure of 10 -9 Torr), where a monochromatic Mg-Ka X-ray (Spectra Instruments, hm = 1253.64 eV) was used as excitation source. The C 1 s peak of a pure carbon sample (binding energy position of 284.6 eV) was used as reference material for the calibration of the XPS spectra. After the Shirley background subtraction, the XPS spectra were fitted using CasaXPS software by adopting Gaussian-Lorentzian peak shapes. UPS measurements were carried out using the He discharge lamp (He I line, hm = 21.2 eV) as the excitation source in normal emission with a resolution of 0.06 eV in the ESCALAB 220iXL spectrophotometer. A gold reference (having A = 5.0 eV) was used to calibrate the Fermi level position, applying a -3 eV bias to eliminate the intrinsic detector work function barrier. The J-V characteristics of the Co-Ni/MWCNTs based DSSC devices were systemically measured in ambient atmosphere under dark and standard illumination condition (AM 1.5) with an incident light power of 100 mW/cm 2 with an Oriel Sol3A solar simulator. The data acquisition was performed using a Keysight B2901A source-meter. Two critical parameters of solar cell performances, Power Conversion Efficiency (PCE) and Fill Factor (FF) were evaluated using the standard equations: PCE ¼
, where P l is the power density of the irradiating light, V max and J max are voltage and current density at the maximum power, and V oc and J sc are the open circuit voltage and short circuit current density, respectively.
Results and discussion
Figure 1a, b show typical top-view SEM images of pristine MWCNTs and MWCNTs PLD-coated with Co-Ni nanoparticles (at N LP = 40,000). By comparing the two images, one can easily note that the Co-Ni NPs have formed a layer that completely wrapped the entangled filamentous structure of the MWCNTs (some coated MWCNTs bundles can still be pinpointed, see the yellow arrows on Fig. 1b) . It is also worth noting that the Co-Ni NPs decorated MWCNTs exhibit an interesting open and highly porous morphology. By increasing the N LP , the surface coverage of the MWCNTs by Co-Ni NPs varies from a partially decorated state (i.e., isolated small Co-Ni NPs decorating the MWCNTs for N LP = 500-20,000) to a completely covered one (for N LP C20,000). On the other hand, the average size of the Co-Ni NPs, at N LP = 40,000, is estimated to be of *110 nm (Fig. 1b) . In fact, the average size of the Co-Ni NPs depends on the number of used laser ablation pulses, as illustrated in Fig. 1c .
Under our PLD conditions, the average diameter of the Co-Ni NPs is found to increase steeply, from *30 to 100 nm, when N LP is increased from 500 to 10,000, and then slowly increases with a tendency to saturate around an average NP size of *120 nm for the highest N LP values. It is worth noting that as N LP is increased from 10,000 to 60,000 pulses, the progressive accumulation of Co-Ni NPs onto the bundles of MWCNTs leads to a full coverage of their surface with the formation of sort of cauliflower-like aggregates that may enhance the effective surface of the nanohybrid. However, at the highest N LP values, the increase of the surface area may be counteracted by the The most striking aspects are two-fold: (1) the size of the features is clearly seen to increase as N LP is raised from 20,000 to 60,000, and (2) the open porosity tends to diminish with increasing N LP , in agreement with our SEM observations. In fact, the entangled bundles of MWCNTs (shown in Fig. 2a ) are progressively covered with Co-Ni NPs that wrap the nanotubes and tend to accumulate as larger agglomerates as a function of N LP (as shown Fig. 2b-d) .
The observed morphology variation of the Co-Ni NPs layers as N LP is increased can be explained based on the Young's theory [39] : the formation of the aggregates of Co-Ni NPs on the surface of MWCNTs is governed by, on one hand, the nucleation that takes place during the PLD decoration and, on the other hand, the wetting properties of materials involved in the process. The nucleation rate depends on the metal cohesion energy (E coh ), on the metalsubstrate interfacial energy (E f ) and on the diffusion barrier (E diff ), while the wetting is regulated by the E f and by the metal surface energy (E s ) [39] . It is known that the cluster formation is favoured when E s [ E f , and E diff has a low value [40] . Moreover, it has been reported that Co and Ni NPs synthesized via laser ablation technique in solution, cover uniformly the CNTs with local layer-like growth [41] . This phenomenon is mostly due to the close values of E s and E f, but also relatively high E diff of both Co and Ni, that explain the contemporary presence of uniformly dispersed NPs and the local formation of nanoparticle aggregates on the CNTs surface. This particular behaviour of Co and Ni and the relatively high number of laser pulses used for the PLD decoration processes may explain the formation of large aggregates at the highest N LP , as revealed by both SEM and AFM observations. To assess quantitatively the observed morphological changes as a function of N LP , the local surface roughness of the Co-Ni NPs deposited onto MWCNTs was determined from corresponding AFM images, as those shown in Fig. 2a-d . Figure 2e shows the variation of local surface roughness (R rms ) of the PLD Co-Ni NPs layers as a function of N LP , where R rms is to seen to be N LP dependent with the presence of a maximum value at N LP = 40,000. Indeed, the local surface roughness is found to increase from 25 nm at N LP = 0 (i.e., pristine MWCNTs), to reach its maximum value of 42 nm for the film decorated at N LP = 40,000, and then starts to decrease down to *31 nm at N LP = 60,000 pulses. Figure 3 shows the high-resolution core level XPS spectral regions of Ni 2p and Co 2p of the PLD-deposited Co-Ni NPs layers onto MWCNTs, at N LP = 40,000. The XPS survey spectra (not shown) confirmed the presence of Ni, Co along with the surface carbon and oxygen contamination. The binding energies (BEs) of all core level regions were corrected using the C 1s BE of 284.6 eV. Both Ni 2p and Co 2p core level region shows a complex spectral profile (Fig. 3) containing mixture of core level and intense shake-up satellite signals towards the higher BE side of the main peak, which can be ascribed to the [42] . For the Nickel, the Ni 2p 3/2 peak can be de-convoluted into five peaks contributions centred at the binding energy (BE) position of 853.7 eV along with its associated shake-up satellite peaks at BE of 855.4, 860.9, 864.4 and 866.3 eV, in accordance with those reported for NiO [43] . The Co 2p 3/2 region can also be decomposed into four peaks, the main one located at BE of 779.6 eV and the satellites located at 781.7, 785.1 and 786.1 eV, all in agreement with typical XPS peaks of CoO [43] . Conversely, the O1 s spectra can be deconvoluted into two different components located at *529.8 and 531.9 eV. The main peak located at BE 529.8 eV confirms the presence of metal oxygen bonds (i.e., Ni-O [42] and Co-O [43] ), while the less prominent one (at 531.9 eV) corresponds to the O-H bonds of the surface hydroxyl groups [44] . All these results confirm that the outer surface of the Co-Ni NPs is oxidized. This is not surprising since the interaction of Co and Ni with the atmospheric oxygen will lead to their surface oxidation.
Interestingly, the presence of Co and Ni oxides on the nanoparticles' surface would improve their catalytic activity for the catalysis of iodine-based electrolytes due to the interaction between the ionic feature of NiO/CoO and the ions of the electrolyte solution [45] . Moreover, the presence of CoO layer at the NPs' surface is expected to reduce the transfer resistance of electrons at the interface between the CEs and the electrolyte solution, enhancing thereby the photovoltaic performance of the DSSC device [25] . In complement to XPS surface analyses, EDX measurements were also used to determine the ''bulk'' composition for all the MWCNTs decorated with Ni-Co NPs. The EDX spectrum (not shown here) confirms the presence of Co and Ni elements with some minor contributions of C and O. The average weight percentage of the elemental composition from EDX analysis is found to be Co (47.4%), Ni (46.9%), C (2.2%) and O (3.5%). By combining XPS and EDX results, one would suggest that the Co-Ni NPs consist of a metallic core surrounded by an outer NiO/CoO oxide shell (of probably few nm-thick, since the detected XPS photoelectrons typically emerge from a shallow 2-3 nm thick layer).
Prior to assessing the PV performance of our DSSCs devices, we first performed ultra-violet photoelectron spectroscopy (UPS) measurements on the Co-Ni NPs decorated MWCNTs counter-electrodes to see how their work function (U) is affected by the presence of Co-Ni NPs. The determination of U of the CEs is key to access the energy band diagram of the DSSCs. Figure 4a shows a typical UPS spectrum of the Co-Ni/MWCNTs nanohybrid obtained at N LP = 40,000, while the inset compares the zoomed-in cutoff region of the secondary electrons spectra for different CEs. The work function (U) can be expressed as, U (eV) = hm -(E cut-off -E Fermi ) [46] , where hm is the energy of the incident light, E cut-off is the secondary electron emission edge, and E Fermi represents the Fermi edge. The secondary electron cut-off region can be derived by linear extrapolation of the emission edge to zero intensity. The UPS measurements were calibrated using a gold reference sample, for which a work function value of 5.0 ± 0.1 eV was correctly obtained in our experimental set up. Moreover, our measured U value for pristine MWCNTs was found to be of 4.8 eV, in a satisfactory agreement with literature values [47, 48] . From the inset of Fig. 4a , it is interesting to note that the Co-Ni NPs decoration significantly shifts the cut-off region of the Co-Ni/MWCNTs as a function of the N LP used (i.e., see the green and red outer spectra corresponding to N LP = 500 and 40,000, respectively). Indeed, the U of MWCNTs/FTO decorated with Co-Ni at N LP = 500 is determined to be of 4.7 eV, while it decreases to 3.9 eV at N LP = 40,000 (identical to the U CoNi value of 4.0 ± 0.1 eV measured for different thick PLD Co-Ni films deposited onto quartz or silicon). The observed decrease of U (from 4.7 to 3.9 eV) as N LP is increased from 500 to 40,000 can be simply explained by the progressive coverage of the MWCNTs by the Co-Ni NPs. In fact, at low N LP values, the secondary electrons forming the UPS spectrum originate mainly from the shallow surface of uncovered MWCNTs' (partial coverage by Co-Ni NPs), while they are totally emitted by the Co-Ni NPs that fully cover the underlying nanotubes (at N L C20,000, as observed by SEM). It is worth noting here that the U value (3.9 eV) measured on our Co-Ni/MWCNTs CEs (at N LP = 40,000) is lower than the work function of 4.3 eV, measured on the reference counter-electrodes made of sputter-deposited platinum onto MWCNTs. Such a decreased U value of the Co-Ni decorated MWCNTs/FTO counter-electrodes will favour electrons transfer from the Co-Ni NPs layer to their underlying MWCNTs [49] . To better envision the charge transfer pathways in our DSSCs with the Co-Ni PLD-decorated MWCNTs counter electrodes, Fig. 4b shows the electronic band alignments diagram including all the components of the DSSC. This band energy diagram clearly . Thanks to the alignment of energy bands of all the components composing the working electrode in a ''cascade'' structure, the excited electrons from the LUMO band are injected into the conduction band of TiO2, and then transferred to the FTO substrate (i.e., the working electrode). On the other hand, the electrons that are generated in the photoelectrode are transferred to the cathode (counter electrode) where the aligned energy level positioning allows the flow of electrons from the Co-Ni/MWCNTs/FTO to take part in the reduction of the I -/I À 3 species in the electrolyte. The electrons accumulated on the Co-Ni/MWCNTs/FTO counter-electrode are easily exchanged with the electrolyte solution, catalysing thereby the redox reaction that regenerates the dye molecules and enhances the overall photovoltaic performance of the DSSC.
As above-recalled in the introduction, the fundamental role of the CE in DSSC device is to catalyse the redox reaction in the electrolyte solution after the charge injection so that the dye molecules can be regenerated. In this context, the Co-Ni/MWCNTs/FTO (at N LP = 40,000) exhibiting the lowest local work function (U = 3.9 eV) arises as the best counter-electrode which is expected to offer the highest catalytic activity [49, 52] among the various N LP conditions investigated here. The highest porosity and associated surface area observed at N LP = 40,000 is an additional feature that would maximize the interaction of the electrolyte with the low work function Co-Ni/MWCNTs/FTO counterelectrode. Figure 5 shows typical photocurrent density-voltage (J-V) characteristics, measured under AM 1.5 calibrated solar simulator, of the DSSCs made with the PLD-decorated CoNi/MWCNTs/FTO counter electrodes, at different N LP ranging from 10,000 to 60,000, while comparing them with reference CEs, namely pristine MWCNTs/FTO (i.e., N LP = 0) and a sputter-deposited Pt film (404 nm-thick) onto FTO. It is clearly seen that while the V oc values for the different DSSCs are comparable, the produced photocurrent (J sc ) is highly sensitive to N LP value used to decorate the CE (Fig. 5) . Table 1 reference (with V oc = 0.59 V and J sc = 13.4 mA/cm 2 ). Indeed, the PCE of the DSSCs is shown to increase significantly from 2.3% at N LP = 0 (pristine MWCNTs) to a maximum value of 6.68% at N LP = 40,000, and then progressively decrease down to 4.1% for the highest N LP of 60,000 (See Table 1 ). Thus, N LP = 40,000 arises as the optimum PLD decoration condition leading to the highest PCE value of 6.68%, which is *190% higher than that of the DSSC made with pristine MWCNTs CEs (N LP = 0), and *7.4% more than that of the sputtered-Pt reference counter electrodes. To better visualize the beneficial effect of the Co-Ni NPs decoration of the MWCNTs CEs, Fig. 6 shows the N LP dependence of the PCE, where the latter is seen to reach its maximum value of 6.68% at N LP = 40,000. On the same figure, the local surface roughness of the Co-Ni/MWCNTs based CEs is plotted against N LP (Fig. 6) .
Interestingly, both the PCE and the surface roughness of the Co-Ni/MWCNTs CEs are found to show identical N LP dependence. Indeed, both quantities are seen to increase steadily as N LP is raised until the optimal value of N LP = 40,000, where they reach their respective maxima, after which they markedly decrease for higher N LP values. Such a similarity suggests that the observed PCE performance of the DSSCs is highly likely linked to the effective surface area of their CEs. Indeed, by cross-plotting the PCE of the DSSCs against the surface roughness of their Co-Ni NPs decorated MWCNTs counter-electrodes, a fairly linear correlation is obtained (inset of Fig. 6 ). This is the first time that such a direct correlation has been pointed out between the PCE of DSSCs and the surface roughness of their CEs. This clearly indicates that the surface roughness (or more intuitively the effective surface area) of the Co-Ni NPs decorated MWCNTs/FTO counter electrodes has a direct influence on the PCE of the DSSCs. In fact, the maximum PCE observed at N LP = 40,000 is thought to result from a synergetic combination of both low work function of the CEs (improvement of catalytic activity through a favored electrons transfer to the electrolyte solution) and their high surface roughness (large effective surface area to interact with the electrolyte). While the low work function of the Co-Ni/MWCNTs CEs is achieved whenever the surface coverage of the MWCNTs by Co-Ni NPs is complete (for N LP C20,000), their surface roughness presents a maximum value only around N LP = 40,000 (exactly as N LP dependence of PCE; see Fig. 6 ). This emphasizes the determining role of the surface roughness of the Co-Ni/MWCNTs based CEs in optimizing the PCE of the DSSCs.
Conclusion
In summary, we have shown the effectiveness of the physical PLD method to decorate straightforwardly MWCNTs with Co-Ni NPs for the development of novel counter electrodes for DSSC applications. These novel CoNi/MWCNTs based CEs were integrated into DSSCs and their devices PCE performance systematically investigated as a function of the Co-Ni NPs decoration conditions. Indeed, by varying the N LP used during the PLD process, we were able to control not only the average Co-Ni nanoparticle size, but more importantly the surface coverage rate of MWCNTs by the PLD Co-Ni NPs. Our results revealed that the N LP variation induces significant changes in the surface roughness of the Co-Ni/MWCNTs counterelectrodes, which in turn are shown to influence directly the overall PV performance of the DSSCs. In fact, the N LP = 40,000 is identified as the optimal PLD decoration condition that corresponds at the same time to the highest local surface roughness of the Co-Ni/MWCNTs CEs, and the highest PCE of 6.68%. In a wider picture, we found that both surface roughness of the Co-Ni/MWCNTs CEs and PCE of their associated DSSCs exhibit identical N LP dependence over the N LP = 0-60,000 investigated range. This enabled us to establish, for the first time, a direct linear correlation between the PCE of our DSSCs and the surface roughness of their Co-Ni/MWCNTs counter electrodes. Our results point out the importance of increasing the effective surface area of Co-Ni/MWCNTs counter electrodes for the enhancement of the overall PCE of the DSSCs. The relatively low U value of the Co-Ni/ MWCNTs (3.9 versus 4.3 eV for the Pt reference CE) is an additional advantage that enhances their catalytic activity through a favored electrons transfer to the electrolyte solution. It is concluded that the PLD decoration of the MWCNTs/FTO counter electrodes by Co-Ni NPs offers an interesting alternative to develop high-performance counter electrodes where the Co-Ni NPs advantageously replace the expensive Pt catalyst commonly used in DSSCs.
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